T he brainstem forms the central axis of the brain and comprises the midbrain, pons, and medulla oblongata; it occupies the anterior portion of the cranial posterior fossa (Fig. 1) . It is composed of neurons aggregated into nuclei and nerve fibers grouped into bundles called tracts, fasciculi, or lemnisci. These elements of the internal structure may be related to prominences or depressions on the surface, which must be identified by the surgeon. The brainstem is basically composed of 4 types of structures: 1) ascending and descending pathways that connect the spinal cord with the prosencephalon; 2) reflex centers associated with control of breathing, the cardiovascular system, and also consciousness, along the reticular formation; 3) most of the nuclei of the cranial nerves (from CN III to XII); and 4) cerebellar peduncles. 23, 36, 41, 43, 49 Brainstem surgery remains a challenge for the neurosurgeon. Recent improvements in neuroimaging, microsurgical techniques, and electrophysiological monitoring, in association with detailed knowledge of regional and functional anatomy, have allowed surgical procedures at this region to become safer and more likely to be successful. To plan the most appropriate approaches, to choose the safest entry zones, and to minimize possible surgical complications, 14, 41 it is important for the neurosurgeon to keep in mind both the surface anatomy and the internal architecture of the brainstem. obJective Brainstem surgery remains a challenge for the neurosurgeon despite recent improvements in neuroimaging, microsurgical techniques, and electrophysiological monitoring. A detailed knowledge of the microsurgical anatomy of the brainstem surface and its internal architecture is mandatory to plan appropriate approaches to the brainstem, to choose the safest point of entry, and to avoid potential surgical complications. methods An extensive review of the literature was performed regarding the brainstem surgical approaches, and their correlations with the pertinent anatomy were studied and illustrated through dissection of human brainstems properly fixed with 10% formalin. The specimens were dissected using the fiber dissection technique, under ×6 to ×40 magnification. 3D stereoscopic photographs were obtained (anaglyphic 3D) for better illustration of this study. results The main surgical landmarks and their relationship with the cerebellum and vascular structures were identified on the surface of the brainstem. The arrangements of the white matter (ascending and descending pathways as well as the cerebellar peduncles) were demonstrated on each part of the brainstem (midbrain, pons, and medulla oblongata), with emphasis on their relationships with the surface. The gray matter, constituted mainly by nuclei of the cranial nerves, was also studied and illustrated. coNclusioNs The objective of this article is to review the microsurgical anatomy and the surgical approaches pertinent to the brainstem, providing a framework of its external and internal architecture to guide the neurosurgeon during its related surgical procedures.
around the cerebral peduncles to reach the lateral mesencephalic sulcus.
22, 23, 36, 43, 49, 51 The 2 cerebral peduncles have diverge to create an 80° angular space called the interpeduncular fossa, a triangular depression with the apex oriented inferiorly and formed by the superior foramen cecum and a superior base represented by the mammillary bodies. The interpeduncular fossa harbors the posterior perforated substance and is limited laterally by the oculomotor nerves and the base of the cerebral peduncles. The midbrain occupies the largest part of the incisural space, 31 also known as the foramen of Pacchioni, 49 and has a height of 15-18 mm, a width of 12-14 mm at its caudal part and 18-20 mm at its cranial part, and an anteroposterior diameter of 20-22 mm. 49 Anterior Surface. The midbrain is visible on the base of the encephalon after removing the uncus of the temporal lobe. The emergence of the third cranial nerve is visualized at the medial sulcus of the cerebral peduncle. In some specimens, the longitudinal fasciculi of the cerebral peduncles are crossed by transverse fibers, which extend from the dorsal and external aspect of the cerebral peduncle to the interpeduncular fossa. There are 3 formations: 1) Féré's band fasciculus, constituted by aberrant fibers of the pyramidal pathway that unite with the medial lemniscus; 2) tenia pontis, formed by pons fibers that enter the oculomotor sulcus; and 3) tractus peduncularis transversus, fibers born from the superior colliculus and part of the inferior colliculus that course toward the oculomotor sulcus (Fig. 1) . 49 Posterior Surface. There are 4 round eminences of the midbrain called the superior and inferior colliculi, which are also known as the quadrigeminal tubercles.
Lateral Surface. The lateral surface is hidden by the uncus and parahippocampal gyrus, and is divided into 2 parts by a longitudinal sulcus called the lateral mesencephalic sulcus, which extends from the pontomesencephalic sulcus to the medial geniculate body. The anterior part is continuous with the cerebral peduncles and the posterior part has a triangular shape, limited by the lateral mesencephalic sulcus anteriorly, the posterior conjunctival brachium superiorly, and the superior cerebellar peduncle inferiorly. This space is termed the lemniscal trigone (Reil's trigone 49 ), and it is occupied by the acoustic fasciculus (Fig. 2) . 29, 43, 49 Superior and Inferior Extremities. One part of the superior extremity is continuous with the subthalamic region and the other with the internal capsule. The inferior extremity is continuous with the pons (protuberance).
Internal Morphology
The midbrain is divided by an imaginary line that crosses the cerebral aqueduct (sylvian aqueduct 49 ) and consists of a posterior part termed the tectum and an anterior part called the cerebral peduncles. Each peduncle is subdivided by the substantia nigra into 2 parts: an anterior part (crus cerebri) and a posterior part (tegmentum).
22,49,55
Crus Cerebri. The crus cerebri corresponds to the continuation of the internal capsule below each thalamus, has the aspect of a half-moon, and is composed of 3 parts: 1) the internal segment, which represents one-fifth of the crus cerebri and is formed by the frontopontine fibers (Arnold's fasciculus 49 ) and by the corticonuclear fibers (geniculate fasciculus 49 ) that originate from the inferior portion of the precentral gyrus; 2) the intermediate segment, which contains the second, third, and fourth parts of the crus and is formed by fibers of the pyramidal pathway that originate in the cortex of the precentral gyrus; and 3) the external segment, which occupies the external one-fifth of the crus, is formed by temporopontine fibers (Türk's fasciculus 49 ), in addition to fibers that originate from the parietal and occipital cortex, and ends at the nuclei of the pons. 30, 43, 49, 55 Tegmentum. The tegmentum is square and is limited by the substantia nigra anteriorly and by an arbitrary transverse plane through the aqueduct posteriorly. Externally it is limited by the lateral aspect of the midbrain and internally by the median raphe. The tegmentum is formed by the following. 29, 49 Reticular Formation. The reticular formation is composed of a group of neurons and nerve fibers disposed as a net throughout the brainstem. It has an irregular structure, but some groups of neurons can be defined; these constitute the nuclei of the reticular formation, in particular the raphe nuclei, locus coeruleus, periaqueductal gray matter, and ventral tegmental area. In the midbrain, the reticular formation begins under the thalamus in front of the quadrigeminal tubercles and occupies a triangular area between the red nucleus anteriorly, the central gray matter medially, and the posterior commissure posteriorly.
The fibers that course through the reticular formation follow the course of an arc and include the tectobulbar fibers, the tegmen radiation, the rubrospinal fasciculus, the superior cerebellar peduncles, and the medial longitudinal fasciculus and medial lemniscus. The tectobulbar fibers course from the superior colliculus to the medulla oblongata. These fibers create an intersection on the midline called the dorsal tegmental decussation (decussation of Meynert 49 ). The tegmen radiation is composed of rubrothalamic fibers. The rubrospinal fasciculus constitutes the ventral tegmental decussation (Forel's decussation 49 ). Gray Matter. The gray matter of the midbrain can be categorized as gray matter homologous to spinal cord (nuclei of cranial nerves) and the midbrain's own gray matter (red nucleus and substantia nigra).
The nuclei of the cranial nerves that constitute the homologous gray matter are the trochlear nucleus, the oculomotor nucleus, and the mesencephalic tract nucleus of the trigeminal nerve. The trochlear nucleus is situated in the ventral region of the periaqueductal gray matter at the level of the inferior colliculus. The axons surround the aqueduct end emerging from the sides of the frenulum of the superior medullary velum (bridle of valve of Vieussens 49 ) (Figs. 3 and 4) and innervate the superior oblique muscle in the ocular globe.
The oculomotor nucleus forms a column at the level of the superior colliculus, between the periaqueductal gray matter and the medial longitudinal fasciculus, upward to the posterior commissure. It contains 3 nuclei: the oculomotor nucleus that innervates the ipsilateral superior, medial, and inferior rectus muscles, in addition to the inferior oblique and levator palpebrae muscles; Perlia's nucleus, responsible for mobility of the ocular globe convergence; and the accessory oculomotor (Edinger-Westphal's) nucleus, a parasympathetic nucleus that controls the sphincter and the ciliary muscles responsible for the accommodation reflex (Fig. 5) . Damage to the oculomotor nucleus causes ipsilateral paresis of eye movements. 14, 29, 43, 49 The mesencephalic tract nucleus of the trigeminal nerve continues from the pons.
The gray matter of the midbrain's consists of the red nucleus, the substantia nigra, the inferior colliculus nucleus, the superior colliculus, and the pretectal area.
The red nucleus (Stilling's 49 ) is an oval structure, extending 6-7 mm from the subthalamic region to the inferior one-third of the peduncle. At the junction of the anterior one-third with the posterior two-thirds the nucleus is narrowed by the habenulo-interpeduncular tract (Meynert's retroreflex fasciculus), a tract that connects the habenular nuclei with the interpeduncular ganglion.
21,30,49
Its dorsal surface, from inside to outside, harbors the oculomotor nucleus, the medial longitudinal fasciculus, and the reticular formation (Fig. 5) . The afferent fibers connected to the red nucleus are the cerebellorubral pathway, the estriatorubral pathway, and the corticorubral pathway. The dentatorubrothalamic system is formed by the superior cerebellar peduncle. This pathway arises from the dentate nucleus and decussates at the pontomesencephalic joint (decussation of Wernekinck
49
) to reach the contralateral red nucleus. The striatorubral pathway arises from the lentiform nucleus and gives rise to part of Forel's fasciculus and the ansa lenticularis. The corticorubral pathway consists of fibers from the frontal and temporal lobes.
The efferent fibers connected to the red nucleus are the rubrothalamic fasciculus, the rubrospinal fasciculus, and the rubro-olivary pathway. The rubrothalamic fasciculus arises from the capsule and anterior pole of the red nucleus, and ends at the external part of the thalamus. The rubrospinal fasciculus intersects with the contralateral rubrospinal fasciculus on the midline to give rise to the ventral tegmental decussation (of Forel 49 ) and ends at neurons of the anterior horn of the spinal cord. The rubro-olivary pathway is a central fasciculus in the tegmen, which begins at the thalamus, receives fibers from the red nucleus, and ends at the medullary olive. The red nucleus is linked to the subthalamic region, with Luys' body and nucleus of the zona incerta (Fig. 5) . 49 It is an extrapyramidal motor nucleus that participates in the control of muscle tonus, and damage to it results in contralateral ataxia and tremor. 14, 29, 30, 49 The substantia nigra (Soemmering's locus niger 49 ) extends from the lateral mesencephalic sulcus to the oculomotor sulcus lateromedially, and from the highest part of the pons to the subthalamic nucleus (Luys's body 49 ) craniocaudally (Fig. 6) . 14, 29, 30, 49 The nerve cells of the substantia nigra use dopamine and GABA as neurotransmitters and are involved in muscular tonus control; they have connections with the cortex, spinal cord, hypothalamus, and basal nuclei. Injury to the substantia nigra may lead to parkinsonism. 7 The tectum is made up of the superior colliculi (associated with the visual pathways) and the inferior colliculi (associated with the auditory pathways), known together as the quadrigeminal plate. 14, 22, 43, 49 The pretectal area is superiorly located at the midbrain tectum (rostral to the superior colliculi), and it is associated with reflex control of the pupils.
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White Matter. The fibers located in the midbrain can be grouped into longitudinal and transverse fibers. The transverse fibers include the inferior colliculus commissure and the decussation of the superior cerebellar peduncle. The longitudinal fibers include descending, ascending, and association fibers. The descending fibers are the corticospinal tract, the corticonuclear tract, the corticopontine tract, the tectospinal tract, and the rubrospinal tract.
The ascending fibers include the superior cerebellar peduncles, the medial lemniscus, the lateral lemniscus, the spinal lemniscus, and the trigeminal lemniscus.
The superior cerebellar peduncles contain efferent fibers from the dentate nucleus of the cerebellum to the opposite red nucleus (the dentatorubrothalamic system) and the ventral spinocerebellar tracts. The cerebellar fibers decussate just below the red nuclei (decussation of Wernekinck) to give rise to the white nucleus of Stilling
49
( Figs. 7-9) .
The medial lemniscus (medial band of Reil
) runs along the brainstem at the limit between the crus and the tegmentum. It appears in the medulla oblongata as fibers of the gracile nucleus (Goll's
) and cuneate nucleus (Burdach's 49 ), which intersect on the midline originating the (piniforme decussation 49 ). After that, the medial lemniscus runs on the posterior face of the pyramidal fasciculus and is located at the pons behind the transverse fibers. At the midbrain, it is situated behind the substantia nigra, and it courses externally toward the medial geniculate body. The medial lemniscus ends at the ventral posterolateral nucleus of the thalamus (Fig. 8) , projecting through the posterior arm of the internal capsule to Brodmann areas 3, 1, and 2. 43, 49 The medial lemniscus carries conscious epicritic touch, touch-pressure sense, direction and amplitude of movements, vibration, and postural sensations. Its injury causes contralateral hemianesthesia of the trunk and extremities. 14 The lateral lemniscus (lateral band of Reil 49 ) appears at the pons above the trapezoid body, where it joins the medial lemniscus and gives rise to a prominence on the external aspect of the peduncle, called the lateral fasciculus of the isthmus, and ends at the inferior colliculus. It corresponds to the central acoustic pathway (Fig. 9) .
The spinal lemniscus is formed by the union of the anterior and lateral spinothalamic tracts, and the trigeminal lemniscus connects the sensory nuclei of the trigeminal nerve to the ventral posteromedial nucleus of the thalamus. The longitudinal association fiber corresponds to the medial longitudinal fasciculus, which is located at the level of the midbrain, close to the midline and anterior to the oculomotor nuclei. The medial longitudinal fasciculus extends through the brainstem and connects all nuclei of the cranial nerves, especially the nerves related to head and eyeball movements.
Quadrigeminal Tubercles. The quadrigeminal tubercles are prominences on either side of the midline, superior to the superior medullary velum. There are 2 superior , where the pineal gland rests, is located between the upper ones. The anterior conjunctival arm connects the superior colliculus with the lateral geniculate body, is related with the visual pathway, and participates in reflex movements of the vertical gaze. The posterior conjunctival arm connects the inferior colliculus with the medial geniculate body as part of the acoustic pathway. Damage to the superior colliculi causes pupillary dysfunction and palsy of the vertical gaze. Damage to the inferior colliculi causes hearing loss and makes it impossible to localize sounds in space.
13,14,58 pons
The pons is also termed Varolio's pons 49 and consists of the portion of the brainstem situated between the midbrain and the medulla oblongata (Fig. 1 ).
External Morphology
The pons is cubic in shape and has an average height of 27 mm, width of 38 mm, and anteroposterior diameter of 25 mm. 49 Its anterior surface is limited superiorly by the pontomesencephalic sulcus and inferiorly by the pontomedullary sulcus. Its posterior surface is limited cranially by an imaginary line that courses below the inferior colliculi and caudally by an imaginary line that courses at the level of the lateral angles of the fourth ventricle, ending laterally at another arbitrary parasagittal line that surrounds the emergence of the trigeminal nerve.
22,43,49,51
Anterior Surface. The anterior surface of the pons rests over the anterior portion of the clivus. It is convex in its transverse section and is continuous with the middle cerebellar peduncle (brachium pontis) on each side, having as an arbitrary limit the emergence of the trigeminal nerve on each side. The basilar sulcus is located anteriorly along its midline, with the pyramids formed by the pyramidal tracts situated on both sides. The posterior root of the trigeminal nerve emerges from the upper portion of the middle cerebellar peduncle just below the anterior angle of the cerebellum. The nerve consists of 2 roots: the larger root is the sensory nerve root, and the smaller one is the motor nerve root.
Posterior Surface, Lateral Surfaces, and Superior and Inferior Extremities. The posterior surface forms the superior part of the floor of the fourth ventricle, also known as the rhomboid fossa, and it is covered by the cerebellum. The lateral surfaces are continuous with the middle cerebellar peduncles. The superior extremity is continuous with the cerebral peduncles, and the inferior extremity is continuous with the base of the medulla oblongata. 23, 29, 36, 43, 49 
Internal Morphology
The pons is morphologically and physiologically divided into 2 portions: the anterior part or base and the posterior part or tegmentum. The trapezoid body, a bundle of transverse myelinated fibers, is located between these 2 parts.
22,49
Base or Crus of the Pons. The anterior part, base, or crus of the pons is the extension of the cerebral peduncles and continues as the pyramid of the medulla oblongata. It is formed by longitudinal bundles that constitute the pyramidal path, by transverse fibers that constitute the origin of the middle cerebellar peduncles, and by the pontine nuclei, which surround the other fibers.
Transverse Fibers. There are 2 types of transverse fibers: 1) fibers from the pons to the cerebellum (pontocerebellar fibers) that course through the middle cerebellar peduncles and pass through the pyramidal pathway, and 2) fibers from the acoustic pathway, constituting the trapezoid body. 43, 49 The transverse fibers that connect the pons with the cerebellum are divided into 3 layers 49 : 1) the superficial layer (stratum superficiale pontis), anterior to of the pyramidal path and with the deep surface covered by the pontine nuclei; 2) the intermediate layer (stratum complexum), which separates the bundles of the pyramidal pathway (Figs. 10 and 11); and 3) the deep layer (stratum profundum pontis), which courses behind the pyramidal pathway and in front of the medial lemniscus.
Longitudinal Fibers. The longitudinal fibers can be divided into corticospinal, corticonuclear, and corticopontine fibers. The corticospinal tract at the base of pons forms several separated bundles and does not have the compact structure observed in the medullary pyramids. The corticonuclear tract represents cortical fibers directed to the facial, trigeminal, and abducent nuclei. The corticopontine fibers originate from the cerebral cortex and end at the pontine nuclei from which the pontocerebellar fibers originate (Figs. 10-12) .
22,43,49
Pontine Nuclei. The pontine nuclei are small groups of neurons scattered throughout the base of the pons.
Tegmentum. The posterior part of the pons, also called the tegmentum, is similar in structure to the medulla oblongata and to the tegmentum of the midbrain, with which it is continuous. It is composed of the reticular substance (substance of Deiters 49 ) and wraps around ascending, descending, and transverse fibers, in addition to cranial nerve nuclei and gray matter of the pons. 29, 30, 43, 49 Gray Matter. The gray matter of the pons can be grouped into gray matter homologous to the spinal cord (nuclei of cranial nerves) and the pontine's own gray matter (pontine nuclei, the superior olive, and the gray matter of the reticular formation). Topographically there are mainly 3 groups of nuclei: The first group occupies the external part of the pons and corresponds to the nuclei of the cranial nerves: the facial nucleus and the motor and sensory portions of the trigeminal nerve (internal column and external column, respectively). The second group is represented by the superior olive, the nuclei of the trapezoid body, and the nuclei of the lateral lemniscus. The third group is represented by the central gray matter that covers the posterior surface of the reticular formation and consists of a medial column that gives rise to the CN VI nucleus and a lateral column that gives rise to the vestibular nerves, which end in the vestibular nuclei. 43, 49 The nuclei of cranial nerves that constitute the homologous gray matter represent the base or head of the anterior horn (in the case of motor nerves) and of the posterior horn (for sensory nerves) and include the facial nucleus, the abducent nucleus, the trigeminal nuclei, and the vestibulocochlear nuclei.
The facial nucleus is a mixed nucleus. The sensory root is represented by the intermediate nerve (nerve of Wrisberg

49
); the motor nucleus is pontomedullary, located behind the trapezoid body and deep to the trigeminal nerve root, and is separated from the floor of the fourth ventricle by a space of approximately 4 mm. 49 The fibers originate from the motor nucleus of the facial nerve and circle the abducent nucleus (forming the inner genu of the facial nerve) and constitute the round eminence or facial colliculus on the floor of the fourth ventricle. The motor nucleus is responsible for innervation of the muscles of the face, and injury to this nucleus causes facial paralysis of the inferior motor neuron type. 14, 43, 49 The sensory fibers course to the geniculate ganglion and end at the solitary tract nucleus (Nageotte's gustatory nucleus 49 ); these fibers are responsible for the sense of taste in the anterior twothirds of the tongue.
The abducent nucleus is a motor nucleus that, together with the inner genu of the facial nerve, constitutes the round eminence. It innervates the lateral rectus muscle of the ocular globe and damage to it results in ipsilateral paralysis of abduction of the ipsilateral eye. 14 The sensory nucleus, mesencephalic tract nucleus, and motor nucleus of the trigeminal nerve are situated at the pons. The sensory nucleus is located lateral to the motor nucleus and corresponds to the enlarged cranial extension of the spinal tract nucleus. The mesencephalic tract nucleus extends cranially from the sensory nucleus, toward the midbrain. The sensory nucleus also extends to the medulla, where it is called the spinal trigeminal nucleus. This nucleus is responsible for the deep proprioception sensation of the masticatory muscles, gum, and temporomandibular joint; the pontine sensory nucleus and its axons join the medial lemniscus; and the spinal nucleus is responsible for the sensations of pain, temperature, and crude touch. The motor nucleus gives rise to fibers to the masticatory muscles, and thus it can also be called the masticator nucleus.
The tegmentum harbors the ventral and dorsal cochlear nuclei of CN VIII. The dorsal nucleus forms a prominence called the acoustic tubercle at the lateral angle of the floor of the fourth ventricle, and its axons are visible as acoustic striae that dive into the stem of the calamus and cross the midline to end at the nuclei of the reticular formation. The fibers of the ventral nucleus have a horizontal course and decussate and form the trapezoid body, which ascends around the superior olivary nucleus as the lateral lemniscus. These components take part in the hearing process by receiving fibers from the spiral organ (organ of Corti). 43, 49 There are 4 vestibular nuclei (superior, inferior, medial, and lateral) located in the vestibular area (external white wing) of the floor of the fourth ventricle. 14, 29, 30, 43, 49, 51 They receive nerve impulses from the vestibular part of the inner ear that course through the vestibular ganglion (Scarpa's ganglion) 43, 49 and reach the vestibular nuclei by the vestibular fibers of CN VIII. Damage causes vertigo, postural instability, and nystagmus. 14 The pontine gray matter consists of the pontine nuclei, the superior olivary nucleus, the nucleus of the trapezoid body, the nucleus of the lateral lemniscus, and the gray matter of reticular formation. 14, 43, 49 Nuclei of the parasympathetic nervous system include the superior salivary nucleus (parasympathetic innervation of the sublingual and submandibular glands) and the lacrimal nucleus (parasympathetic innervation of the lacrimal, nasal, and palatine glands).
White Matter. The fibers located in the pons can be grouped into transverse and longitudinal fibers.
The transverse fibers originate from the ventral cochlear nucleus, cross the midline, and constitute the trapezoid body, which continues ascending as the lateral lemniscus. 21, 22, 30, 43, 49 The fibers from the dorsal cochlear nucleus form the acoustic striae (medullary striae), which course along the floor of the fourth ventricle and join the trapezoid body.
The longitudinal fibers of the pontine tegmentum can be grouped in ascending, descending, and associative fibers. The ascending fibers are the medial, lateral, trigeminal, and spinal lemnisci, and the superior cerebellar peduncle. The medial lemniscus is a triangular area located behind the pyramidal pathway and close to the raphe. It is formed by medullary sensory fibers that connect the gracile (Goll's The lateral lemniscus (lateral band of Reil 49 ) consists of fibers of the trapezoid body that change direction and ascend toward the inferior colliculus. It is located in the anterior portion of the pontine tegmentum, lateral to the spinothalamic tract and medial to the trigeminal motor fibers. It is part of the acoustic pathway.
The trigeminal lemniscus consists of fibers that originate in the spinal trigeminal nucleus and principal sensory trigeminal nucleus and end in the ventral posteromedial nucleus of the thalamus.
The spinal lemniscus is formed by the union of the anterior and lateral spinothalamic tracts, and it is situated at the anterior portion of the pontine tegmentum, between the lateral and medial lemnisci. The superior cerebellar peduncle consists mainly of efferent fibers of the cerebellum. The most important of these fibers form the dentatorubral tract, which originates in the dentate nucleus and reaches the upper pontine tegmentum where the fibers decussate with the opposite side, forming the decussation of the superior peduncle (Wernekinck's) on their way to the red nucleus at the midbrain.
The descending fibers include the tectospinal, rubrospinal, vestibulospinal, trigeminal spinal, and central tegmental tracts. The tectospinal tract originates from the superior colliculus (which receives fibers from the visual cortex and retina) and ends at the upper cervical spinal cord. The rubrospinal tract consists of extrapyramidal fibers involved in motor control but is poorly developed in humans. The vestibulospinal tract originates from vestibular nuclei and carries impulses related to balance control to spinal motor neurons. The trigeminal spinal tract consists of sensory fibers that enter the brainstem through the trigeminal nerve and have a downward course along the spinal trigeminal nucleus. The tract is placed laterally to the respective nucleus and they extend over the pons, medulla, and upper part of the spinal cord. The central tegmental tract courses from the red nucleus to the medullary olive. It forms a capsule of myelinated fibers around the olive, which is known as the amiculum.
The association fibers correspond to the medial longitudinal fasciculus, which is situated at the posterior part of the tegmentum, under the floor of the fourth ventricle, laterally to the midline and posteromedially to the reticular formation. It contains ascending and descending association fibers that participate in the reflex association pathway that allows associated movements of the eyes, head, and neck, with a starting point at the retina and organ of Corti.
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medulla oblongata
Also called the medulla, the medulla oblongata is the most inferior part of the brainstem, representing a transition between the spinal cord and the encephalon.
22,43,49
External Morphology and Relationships
The medulla has a conical shape with its base oriented superiorly, continuous with the pons. It is limited superiorly by the pons and inferiorly by a horizontal plane that courses just below the decussation of pyramids, above the first cervical spinal nerve. The bone limit of the transition between the spinal cord and medulla is a plane that links the middle part of the anterior arch of the atlas with the superior border of the posterior arch. 49 Its average measurements are 27-30 mm in length, 12-15 mm in anteroposterior diameter, 20-25 mm in transverse diameter on the superior extremity, and 10-12 mm at the inferior extremity (Fig. 1) . 43, 49 Anterior Surface. The midline shows the anterior median sulcus, which ends superiorly at the pontomedullary junction as the inferior foramen cecum (foramen of Vicq-d'Azyr). 49 This sulcus is interrupted inferiorly by the decussation of pyramids and extends for about 6-8 mm (Fig. 14) . The anterior pyramids are located on each side of the anterior median sulcus. CN VI emerges from the pontomedullary sulcus anterior to the pyramids. The medullary olive is placed laterally and is separated from the pyramid by the anterolateral sulcus, also called the preolivary sulcus or hypoglossal sulcus. The other lower cranial nerves (glossopharyngeal, vagus, and accessory) originate from the posterolateral sulci at the dorsal border of the olives. 9, 14, 29, 43, 49 Posterior Surface. The posterior surface of the medulla oblongata is divided into superior and inferior parts. The superior part represents, on the midline, the inferior half of the fourth ventricle and, laterally, the inferior cerebellar peduncle. The inferior part is divided into 2 halves by the posterior median sulcus. Each half comprises the gracile tubercle and fasciculus situated medially and the cuneate tubercle and fasciculus laterally; these structures are separated by the posterior intermediate sulcus.
Lateral Surfaces. The lateral surfaces are limited by the anterolateral sulcus anteriorly and by the posterolateral sulcus posteriorly, and are formed by the lateral cord of the medulla. The lateral surfaces are covered anteriorly on the superior half by the medullary olive. The superior extremity does not reach the pons, being separated by a depression called the supraolivary fossa, which is the apparent origin of the facial and intermediate (nerve of Wrisberg) nerves. The olive occupies only the anterior part of the lateral cord. A narrow space with a depression is located behind the supraolivary fossa, and is called the lateral medullary fossa, from which the vestibulocochlear nerve arises. 9, 14, 29, 43, 49 
Internal Morphology
The internal organization of the lower medulla is similar to that of the spinal cord; however, the structure of the upper regions of the medulla shows significant changes in relation to the spinal cord, which are caused mainly by the nuclei of the medulla, the decussation of the pyramids or motor decussation, the lemniscal decussation or sensory decussation, and the opening of the fourth ventricle. Gray Matter. The gray matter of the medulla can be categorized as gray matter homologous to the spinal cord (nuclei of cranial nerves) and the medulla's own gray matter (inferior olive, gracile and cuneate nuclei, medial and dorsal accessory olivary nuclei, and gray matter of the reticular formation).
The gray matter homologous to the spinal cord includes the ambiguous nucleus (or anterolateral nucleus of Stilling 49 ), from which arise efferent visceral fibers to CNs IX (glossopharyngeal), X (vagus), and XI (accessory), for innervation of muscles of the pharynx and larynx; the hypoglossal nucleus, from which motor fibers for innervation of the tongue arise; the dorsal motor nucleus of the vagus, a parasympathetic motor nucleus where preganglionic neurons whose axons leave the vagus nerve are situated; the vestibular nuclei, which are sensory nuclei that receive fibers entering the brainstem through the vestibular part of CN VIII; the solitary tract nucleus, a sensory nucleus that receives the afferent visceral fibers of CNs VII, IX, and X, after a descending course through the solitary tract; the spinal trigeminal nucleus, where somatic afferent fibers bringing sensation of almost the entire head arrive; and the inferior salivary nucleus, which is the origin of preganglionic fibers that follow through the glossopharyngeal nerve for innervation of the parotid gland.
The medulla's own gray matter contains the gracile and cuneate nuclei, the inferior olivary nucleus, and the medial and dorsal accessory olivary nuclei. The internal arcuate fibers originate from the gracile and cuneate nuclei and cross the midline to ascend as the medial lemniscus. The gracile and cuneate nuclei are represented on the surface as the gracile and cuneate tubercles, respectively. The inferior olivary nucleus appears on axial sections as a very pleated sheet with a medial opening (Fig. 14C ) and receives input from the cerebral cortex, spinal cord, and red nucleus. It connects to the cerebellum through olivocerebellar fibers that cross the midline and end at the cerebellar cortex after coursing through the inferior cerebellar peduncle. These structures play a role in motor learning. The inferior olivary nucleus corresponds on the surface to the medullary olive. 22, 43, 49 The medial and dorsal accessory olivary nuclei have basically the same structure, connections, and function as the inferior olivary nucleus, forming together the inferior olivary complex.
White Matter. The anterolateral cord harbors the 2 pyramidal fasciculi, the straight cerebellar fasciculus, Gowers's fasciculus, and the ascending anterolateral fasciculus. The posterior cord harbors the gracile and cuneate fasciculi. These fibers can be grouped into transverse and longitudinal fibers.
The transverse fibers of the medulla are also called arcuate fibers and can be divided into internal and external fibers. The internal arcuate fibers contain the axons of the gracile and cuneate nuclei on their course to the medial lemniscus and the olivocerebellar fibers. The external arcuate fibers course on the surface of the medulla and enter the cerebellum through the inferior cerebellar peduncle.
The longitudinal fibers of the medulla tegmentum can be grouped into ascending, descending, and associative fibers.
The ascending fibers are the gracile (Goll's
49
) and cuneate (Burdach's 49 ) fasciculi, the medial lemniscus, the lateral and anterior spinothalamic tracts, the anterior spinocerebellar tract, the posterior spinocerebellar tract, and the inferior cerebellar peduncle.
The gracile (Goll's
) and cuneate (Burdach's 49 ) fasciculi contain fibers from the sensory roots of the spinal nerves. The gracile fasciculus carries information from the lower limbs, pelvis, abdomen, and inferior part of the chest. The cuneate fasciculus carries information from the superior part of the chest, upper limbs, and neck. The middle part of the medulla harbors the nuclei of these fasciculi, and fibers arising from them are called the internal arcuate fibers, representing the origin of the second sensory neuron, which constitutes the initial portion of the medial lemniscus (Fig. 14) . 14, 29, 30, 43, 49 The medial lemniscus carries information from the gracile and cuneate fasciculi to the ventral posterolateral nucleus of the thalamus. It is situated near the midline, posterior to the corticospinal tract, and anterior to the tectospinal tract (Fig. 14) .
The lateral and anterior spinothalamic tracts are situated on the lateral area of the medulla, medial to the ventral spinocerebellar tract. The anterior spinothalamic tract carries poorly discriminative sensory information (protopathic touch, crude touch, and other sensations not known for accurate localization, such as itch, tickle, and sexual feelings). The lateral spinothalamic tract carries pain and temperature information from skin, bones, joints, and muscles, and feelings of vesical filling and urge to urinate (Fig. 14C) .
The anterior spinocerebellar tract (Gowers' fasciculus 49 ) is situated superficially on the lateral area of the medulla, between the olivary nucleus and the posterior spinocerebellar tract. It is a crossed (contralateral) spinocerebellar pathway that reaches the vermis through the superior cerebellar peduncle and the superior medullary velum. It carries unconscious proprioception information from the lower limbs and trunk and is visible on the superior cerebellar peduncle.
The posterior spinocerebellar tract (Flechsig's fasciculus 49 ) is situated superficially on the lateral area of the medulla, between the anterior spinocerebellar tract and the inferior cerebellar peduncle. It is a straight (ipsilateral) spinocerebellar pathway that reaches the vermis through the inferior cerebellar peduncle. It carries unconscious proprioceptive information from the lower limbs.
The inferior cerebellar peduncle (restiform body) is situated on the lateral borders of the inferior half of the fourth ventricle until the lateral recesses, where the fibers flex dorsally to penetrate the cerebellum. It is composed of olivocerebellar fibers, fibers from the posterior spinocerebellar tract, and external arcuate fibers.
The descending fibers include the corticospinal tract, corticonuclear tract, extrapyramidal tracts, spinal trigeminal tract, and solitary tract. The fibers of the corticospinal tract originate from the cerebral cortex and are directed to the spinal cord, occupying the anterior portion of the medullary pyramids. They undergo an incomplete decussation, giving rise to a straight or ipsilateral or anterior pyramidal fasciculus, which continues on its course on the anterior cord and gives rise to a crossed or lateral pyramidal fas-ciculus that follows on the lateral cord (Fig. 14) . Damage to the corticospinal tract causes contralateral hemiplegia.
The fibers in the corticonuclear tract originate from the cerebral cortex and are directed to the motor nuclei of cranial nerves (ambiguous and hypoglossal nuclei), occupying the posterior and medial portions of the medullary pyramids.
The fibers of the extrapyramidal tracts (tectospinal, rubrospinal, vestibulospinal, and reticulospinal tracts) originate from several regions of the brainstem and are directed to the spinal cord. The spinal trigeminal tract is formed by trigeminal sensory fibers and descends laterally to the spinal trigeminal nucleus.
The solitary tract is formed by visceral afferent fibers that enter the brainstem through CNs VII, IX, and X and descend along the solitary tract nucleus.
The association fibers are the medial longitudinal fasciculus. This fascicle is located along the entire length of the brainstem, always occupying a posterior and medial position. At the medulla, it is placed posterior to the tectospinal tract.
Important autonomic centers are also found in the white and gray matter of the medulla oblongata, such as the breathing center at the level of the reticular formation, the vasomotor center that controls cardiovascular functions, the vomit center on the area postrema at the level of the posterior nucleus of the vagus nerve, and the centers for cough and hiccup. 
Floor of the Fourth ventricle
General Considerations
The floor of the fourth ventricle, also called the rhomboid fossa, 22 is created by the pons on its superior twothirds and by the medulla on its inferior one-third. It is limited superolaterally by the superior cerebellar peduncles, which are also called conjunctival brachia, and inferolaterally by the inferior cerebellar peduncles and gracile and cuneate tubercles. Its cranial apex is at the level of the cerebral aqueduct; its caudal tip, the obex, anterior to the foramen of Magendie; and its lateral angles open through the lateral recesses and foramina of Luschka into the cerebellopontine angles.
22,23,36,49
Constituent Parts
The floor of the fourth ventricle can be divided in 3 parts: superior or pontine (also called the superior triangle), intermediate or junctional, and inferior or medullary (also called the inferior triangle). 23, 36 The superior part has a triangular shape with its apex toward the cerebral aqueduct and its base represented by an imaginary line that connects the inferior border of the inferior cerebellar peduncles. The intermediate part is located between the border of the inferior cerebellar peduncles and the juncture of the tela choroidea with the teniae, just below the lateral recess. The inferior part has a triangular shape and is limited laterally by the teniae. Its caudal apex, called the obex, is located anterior to the foramen of Magendie.
The floor of the fourth ventricle is divided longitudinally by the dorsal median sulcus and laterally by the sulcus limitans. This is another longitudinal sulcus that divides each half of the floor of the fourth ventricle into a medial salient band, termed the medial eminence, and a lateral region called the vestibular area. The sulcus limitans separates the motor nuclei derived from the basal plate of the neural tube and situated medially from the sensory nuclei derived from the alar plate and located laterally. This sulcus is discontinuous and it becomes deeper at 2 places, where it gives rise to the superior and inferior foveae of the rhomboid fossa. The superior fovea is related to the motor nucleus of the trigeminal nerve; thus this fovea is also called the trigeminal fovea. 49 The locus coeruleus is located in front of the superior fovea. The inferior fovea is characterized by a triangular dark area, the vagal trigone (Fig. 15) . [23] [24] [25] 36, 49 The inferior or medullary triangle is a small triangular depression on the floor of the fourth ventricle (also known as the calamus scriptorius, because Herophilus compared this region to the tip of a reed stylus). 14, 41, 49 The median sulcus forms the calamus stem, which becomes deeper at its inferior extremity, at the entrance of the ependymal conduit (Arancio's ventricle 49 ). The gray commissure of the medulla forms a transverse leaf behind the tip that is called the obex. The acoustic striae represent the beards of the calamus 49 and consist of white strings with a transverse direction that usually follow from the superior half of the triangle, above the hypoglossal trigone, toward the midline, and then disappear at the posterior median sulcus. The acoustic tubercle forms a prominence at the lateral part of the vestibular area.
The inferior trigone consists of 3 different areas. The hypoglossal trigone (internal white wing) covers the hypoglossal nucleus and forms a triangular eminence with a superior base. The vestibular area (external white wing) occupies the external portion of the medullary trigone and also is triangular with a superior base. It consists of gray matter and represents the place where vestibular and cochlear connections end, and is thus called the acoustic trigone. The inferior fovea (gray wing) is situated between the 2 white wings. It is triangular with an inferior base parallel to the inferior cerebellar peduncle and covers the dorsal nucleus of the vagus nerve, harboring the nuclei of the glossopharyngeal and vagus nerves. The area postrema is a tongue-shaped area located between the funiculus separans and the gracile tubercle, rostral to the obex (Fig.  15) . 43, 49 The superior or pontine triangle appears on either side of the superior aspect of the median sulcus as an oval eminence about 4 mm in diameter. 49 This is termed the facial colliculus (round eminence) and covers the abducent nucleus and the ascending portion of the facial nerve. This eminence continues upward as a longitudinal cord called the funiculus teres, which reaches the aqueduct of Sylvius. The superior fovea is located beside the external face of the round eminence. Ahead of this fovea is placed the locus coeruleus, a gray prominence of 5-6 mm associated with the sleep mechanism. [23] [24] [25] 36, 43, 49 
discussion surgical considerations
Although still a major challenge, surgical treatment of brainstem lesions has recently been made possible in many circumstances because of developments in microneurosurgical technique, neuroimaging, neuroanesthesiology, neuromonitoring, and neurointensive care. Nevertheless, to plan and perform delicate brainstem procedures with the aid of all these tools and support, the modern neurosurgeon must have as a fundamental requirement a thorough knowledge of the brainstem architecture and functional anatomy.
In this dissection study, our main aim was to study and describe the intrinsic architecture of the brainstem, more particularly in relation to possible surgical approaches.
The criteria for operating on brainstem lesions depend mainly on the nature of the lesion, on its topography, and on the surgeon's experience. Preoperative planning of the surgical strategy requires careful evaluation of the functions of the cranial nerves, nerve tracts, and cerebellar function.
Intraoperative monitoring includes auditory evoked potentials (testing the lateral lemniscus), somatosensory evoked potentials (testing the medial lemniscus), motor evoked potentials for the evaluation of the corticospinal pathway, and mapping of CNs VII, IX, X, and XII on the floor of the fourth ventricle to identify its safest entry zones. It is important to keep in mind that the mapping of the brainstem does not detect lesions of the corticospinal and corticonuclear pathways, which can be detected by monitoring motor evoked potentials. There is no technique for monitoring cerebellar function.
In the 20th century, knowledge of brainstem anatomy and physiology increased dramatically with studies that were done using immunohistochemical, electrophysiological, and immunological techniques. 6, 37, 48 The nervous system began to be closely studied by researchers in many other branches of science. These studies answered many questions on how the brain works and helped to develop new examination modalities, such as CT and MRI. However, these modalities can never take the place of the fiber dissection technique in the education of a neurosurgeon. Neurosurgeons, who need to navigate more safely within the neuroanatomical structures, must learn surgical neuroanatomy in a way that helps them mentally picture this anatomy in 3 dimensions. The best way to do this is to become familiar with brain anatomy via the fiber dissection technique. This knowledge becomes more important when the target in question is the brainstem. Using the surgical microscope in the fiber dissection technique is helpful in several ways. 50 First, under the magnification of the microscope, the fiber tracts and deep nuclei can be identified and followed with improved accuracy. Moreover, dissecting the brain under the microscope reveals delicate structures and connections to the human eye that cannot be demon- strated by photography, even with today's high-definition technology. Second, hand-eye coordination is greatly improved as the neurosurgeon practices frequently by performing cadaver brain dissection. Moreover, dissecting in a way that simulates the surgical approach helps in further understanding of the microsurgical anatomy. Especially for surgery of the brainstem, learning the anatomy by hands-on fiber dissection is far superior to studying sectional anatomy pictures.
The most appropriate surgical approach should provide an optimal exposure of the related surface of the brainstem. This choice must be based on anatomical and functional data, location and extension of the lesion, and the patient's clinical condition. 1, 26, 32, [39] [40] [41] Wide resection of bone may be required for the related craniotomy since nervous tissue retraction must be avoided even more than in other parts of the encephalon. 1, 18, 22, [26] [27] [28] For all this, a deep and precise knowledge of the topographic and functional anatomy of the brainstem is mandatory in order for the neurosurgeon to have in mind a 3D framework of the internal architecture of the brainstem, which will guide him or her throughout the surgical procedure.
approaches to the midbrain
For microneurosurgical purposes, the approaches to the midbrain require particularly the understanding of the following structures, from anterior to posterior and from lateral to medial: pyramidal tract, medial and lateral lemnisci, medial geniculate body, medial longitudinal fasciculus, red nucleus, and the real and apparent origins of CNs III and IV.
Lesions located at the anterior surface of the midbrain (interpeduncular fossa and cerebral peduncles) can usually be accessed through a transsylvian approach using a classic pterional craniotomy 53, 54, 56 or an orbitozygomatic craniotomy. 12, 15, 33, 57 Considering the risk of injury to the vein of Labbé due to retraction of the temporal lobe, 7, 8, 14, 41 occasionally a subtemporal transtentorial approach may be more appropriate in selected cases (Fig. 16A ) that require the division of the tentorium posteriorly to the entrance of the trochlear nerve to expose the anterolateral surface of the midbrain and the upper third of the pons. It is also possible to expose these lesions through a pretemporal transcavernous approach. 42 The main microsurgical anatomical landmark for this approach is the emergence of the oculomotor nerve from the interpeduncular fossa, and the safe entry zone is indicated by a small rectangular area lateral to CN III, between the posterior cerebral artery and the superior cerebellar artery and through the internal segment of the peduncular crus, which is formed by frontopontine fibers located medial to the corticonuclear and corticospinal fibers. 4, 41 To have a better exposure of the anterolateral surface of the midbrain and pons, some neurosurgeons use transpetrous approaches and their variations (Fig. 16B) : retrolabyrinthine, with partial labyrinthectomy, or translabyrinthine. Nevertheless, these approaches add a greater risk of complications such as damage to the facial nerve, auditory deficits, and CSF leak. 14, 18, 27, 40 The standard approach to lesions on the lateral surface of the midbrain is the infratentorial supracerebellar approach, 20, 46, 47 with its variations (median, paramedian, and far-lateral) (Fig. 16C), 2,10 or a combined supra-and infratentorial approach. 40 The main microsurgical landmark is the lateral mesencephalic sulcus. The incision of the sulcus exposes a surgical route limited anteriorly by the substantia nigra, posteriorly by the medial lemniscus, and medially by the red nucleus and by the roots of the oculomotor nerve.
35
Lesions at the quadrigeminal plate can be reached by an infratentorial supracerebellar approach. The main anatomical landmarks are the colliculi, and the safe entry zone may be supra-or infracollicular (Fig. 16C and D) . 
approaches to the pons
To approach the pons it is important to consider particularly the following structures, from anterior to posterior and from lateral to medial: the pyramidal tract; medial and lateral lemnisci; real and apparent origin of CNs V, VI, VII, and VIII; and the longitudinal medial fasciculus.
Lesions located at the anterolateral surface of the pons, cerebellopontine angle, and middle cerebellar peduncle can be reached through a retrosigmoid approach through a lateral suboccipital craniotomy ( Fig. 16B and C) . 14, 33, 34, 40, 41 The main anatomical landmarks are the emergence of the trigeminal nerve and the CN VII-VIII complex, and the safe entry zone to this part of the brainstem is located between CNs V and VII.
3, 41 The so-called peritrigeminal area has a triangular shape and is limited medially by the pyramidal tract, laterally by the emergence of CN V, and on the base by the pontomedullary sulcus (Fig. 12) . 35 Lesions extending into the anterolateral surface of the midbrain can be dealt through a transtentorial subtemporal approach 7, 8 or through a presigmoid and transpetrous approach (Fig. 16A-C) . 14, 16, 18, 28 Lesions affecting the superior cerebellar peduncle, the tegmen of the pons, and the middle cerebellar peduncle can be managed through an infratentorial supracerebellar approach with a paramedian route to access the interpeduncular sulcus (situated between the superior and middle cerebellar peduncles). In such cases, the appropriate exposure requires also the removal of the quadrangular lobule of the tentorial surface of the cerebellar hemisphere (Fig.  16A, B, and D) .
Lesions located on the posterior surface of the pons, and hence in contact with the floor of the fourth ventricle, are accessible through a median suboccipital craniotomy. The fourth ventricle can be reached through a telovelar 28 or a transvermian approach, or through the cerebellomedullary fissure. 40, 41 The main anatomical landmarks are the facial colliculus, the median sulcus, and the acoustic striae. The safe entry zones are the suprafacial triangle, the infrafacial triangle, and the median sulcus above the facial colliculus (Fig. 16C) . 3, 14, 41 approaches to the medulla oblongata Lesions located on the anterolateral surface of the medulla oblongata can be better accessed through the farlateral approach, 17, 45 which requires a lateral suboccipital craniectomy with resection of the posterior arch of the atlas (C-1) and partial drilling of the posterior third of the occipital condyle (Fig. 16C) . Different patient positions can be used for this approach, including park-bench, semisitting, and lateral decubitus. 14, 17, 34, 41, 45 The main anatomical landmarks are the medullary olive, emergence of the lower cranial nerves, and the first cervical spinal nerve. The retro-olivary sulcus represents a safe entry zone since the olive offers a surgical space of 13.5 mm craniocaudal, 7 mm transverse, and 2.5 mm anteroposterior. 35 Another option is the anterolateral sulcus between CN XII and C-1 (Fig. 14C) .
5,14
The surgical approaches to the posterior surface of the medulla oblongata can be divided into superior or intraventricular, and inferior. The approach through the ventricle has a greater risk of neurological deficits, including dysphagia due to damage to the hypoglossal nucleus and cardiovascular dysfunction because of injury to the calamus scriptorius. 14, 41 The approach to the inferior portion is made through a median suboccipital craniotomy (Fig. 16C) . The safe entry zones are the median posterior fissure below the obex, the posterior intermediate sulcus, and the posterolateral sulcus (Fig. 16D) . 14, 41 All posterior fossa approaches at our institution are preferably performed with the patient in the semisitting position.
conclusions
Despite advances in neuroimaging techniques and intraoperative electrophysiological monitoring, microsurgical training and deep knowledge of the external and internal morphology of the brainstem are fundamental when dealing with pathologies of this region. Severe neurological deficits and disability can be caused due to neurosurgical trauma.
When choosing the safest entry zone to the brainstem, it is important to have in mind that the best approach may not always be the shorter or the easier route for the surgeon. Thus, this article emphasizes more particularly the arrangement of the white and the gray matter of the midbrain, pons, and medulla oblongata, which will guide the neurosurgeon during the procedure to make it safer and more successful.
references
